With a combination of adaptive optics imaging and a multi-epoch common proper motion search, we have conducted a large volume-limited (D 75 pc) multiplicity survey of Atype stars, sensitive to companions beyond 30 au. The sample for the Volume-limited ASTar (VAST) survey consists of 435 A-type stars: 363 stars were observed with adaptive optics, 228 stars were searched for wide common proper motion companions and 156 stars were measured with both techniques. The projected separation coverage of the VAST survey extends from 30 to 45,000 au. A total of 137 stellar companions were resolved, including 64 new detections from the VAST survey, and the companion star fraction, projected separation distribution and mass ratio distribution were measured. The separation distribution forms a log-normal distribution similar to the solar-type binary distribution, but with a peak shifted to a significantly wider value of 387 +132 −98 au. Integrating the fit to the distribution over the 30 to 10,000 au observed range, the companion star fraction for A-type stars is estimated as 33.8 ± 2.6 per cent. The mass ratio distribution of closer (< 125 au) binaries is distinct from that of wider systems, with a flat distribution for close systems and a distribution that tends towards smaller mass ratios for wider binaries. Combining this result with previous spectroscopic surveys of A-type stars gives an estimate of the total companion star fraction of 68.9 ± 7.0 per cent. The most complete assessment of higher order multiples was estimated from the 156-star subset of the VAST sample with both adaptive optics and common proper motion measurements, combined with a thorough literature search for companions, yielding a lower limit on the frequency of single, binary, triple, quadruple and quintuple A-type star systems of 56.4 
INTRODUCTION
Binary stars represent the most common product of the star formation process and a key environmental factor for planet formation. Investigating the properties of binary systems, and dependencies on age (e.g. Ghez et al. 1997; Duchêne 1999; Patience et al. 2002) , environment (e.g. Köhler et al. 2006; King et al. 2012; Sana et al. 2013 ) and primary mass (e.g. Abt 1983; Lada 2006; Lafrenière et al. 2008; Kraus et al. 2011; Sana & Evans 2011 ) is therefore crucial to our understanding of star formation. Theoretical binary formation models (e.g. Boss & Bodenheimer 1979; Adams et al. 1989; Bonnell et al. 1991; Bonnell 1994; Clarke 1996; Bate & Bonnell 1997; Kratter et al. 2010; Stamatellos et al. 2011 ) and the results of large numerical simulations of star formation within stellar clusters (e.g. Sterzik & Durisen 2003; Moeckel & Bate 2010; Bate 2012; Krumholz et al. 2012 ) require large-scale surveys for empirical comparison.
Previous volume-limited surveys utilizing a range of companion detection techniques, collectively sensitive to all possible binary orbits, have provided observational constraints on the frequency and properties of the binary companions to nearby field FGKM stars and field L and T brown dwarfs (e.g. Duquennoy & Mayor 1991; Fischer & Marcy 1992; Burgasser et al. 2006; Reid et al. 2008; Raghavan et al. 2010) . For stars more massive than F-type stars, there are no comparable comprehensive surveys covering the full range of binary orbits. A large number of O and B-type stars have been observed with speckle interferometry (e.g. Mason et al. 1997; Hartkopf et al. 1999; Mason et al. 2009 ); however, the samples typically consist of stars at large distances and the technique is limited in magnitude difference sensitivity and separation range coverage. Greater sensitivity to fainter companion has been achieved using adaptive optics (AO) surveys (e.g. Roberts et al. 2007) ; however, the sample was magnitude-limited, introducing a potential selection bias. For field A-type stars, spectroscopic work has identified systems with short orbital periods (e.g. Abt 1965; Abt & Levy 1985; Carrier et al. 2002; Carquillat et al. 2003) . More recently, A-type stars have been the subject of deep AO imaging searches for extreme mass ratio planetary companions (e.g. Vigan et al. 2012; Nielsen et al. 2013) , with several planetary systems discovered (Kalas et al. 2008; Marois et al. 2008; Lagrange et al. 2009; Marois et al. 2010; Carson et al. 2013; Rameau et al. 2013) . As the planetary population around A-type stars is revealed, the properties of A-type star binaries will serve as an essential comparison.
This paper is the third in a series on the properties of the Volume-limited A-STar (VAST) survey of A-type stars within 75 pc. The survey was designed to have companion mass ratio sensitivity limits (M2/M1 0.1) comparable to previous volume-limited multiplicity surveys and to cover projected separations extending from the peak of the solar-type distribution (∼40 au). In previous papers, subsets of the VAST survey were investigated to study the unexpected X-ray emission of A-type stars (De Rosa et al. 2011) and orbital motion of known binaries (De Rosa et al. 2012) . In this paper, the comprehensive binary statistics are presented. The full sample is defined in Section 2, followed by the data acquisition of both new AO and literature wide field imaging in Section 3. Data analysis techniques applied to identify and characterize the candidate companions and detection limits in both types of images are detailed in Section 4, and the overall survey completeness is quantified in Section 5. The survey results, including the A-type star binary separation distribution, mass ratio distribution and companion star fraction (CSF), are reported in Section 6. Comparisons of the A colour-magnitude diagram demonstrating the selection criteria used to define the volume-limited sample of A-type stars. Of the H ipparcos stars within 75 pc (small grey filled points), those with a parallax uncertainty of σπ /π 0.05 and with a B T − V T colour consistent with Atype stars were selected (dotted vertical lines), with a magnitude cut-off to remove contamination from faint white dwarfs (dashed horizontal line). Of the 636 stars satisfying these criteria, 156 were observed with adaptive optics and are included within the photographic plate search for common proper motion companions (blue points), 207 targets were only observed with adaptive optics (red points), and 72 were only included within the photographic plate sample (green points). The remaining 201 targets without observations, which otherwise satisfied the selection criteria, are plotted for reference (small black points).
VAST results with previous survey and theoretical models are made in the discussion, Section 7, along with a combination of the VAST results and previously known binary companions to investigate the higher order multiple systems. Finally, Appendix 1 describes the procedures employed to estimate the mass and age of the VAST sample members.
SAMPLE
To measure the frequency of stellar binary companions, and the distribution of their separations and mass ratios, we have obtained observations of a sample of 435 nearby A-type stars. The sample is composed of two overlapping sets of A-type stars within 75 pc: a 363 star sample observed with AO instrumentation and a 228 star sample investigated with astrometry obtained from all-sky photographic surveys, with an overlap of 156 stars. The 435 observed targets, listed in Tables 1 and 2 , were drawn from a volume-limited sample of A-type stars selected from the Hipparcos catalogue (ESA 1997; van Leeuwen 2007) . The sample was limited to targets within 75 parsecs, corresponding to an Hipparcos parallax of π 13.3 mas. High quality parallax uncertainties (σπ/π 0.05) are required to place the targets on the colour-magnitude diagram, determine accurate distances to the targets and, consequently, determine the absolute magnitude of any resolved companion candidate. Using the optical magnitudes of each target from the Tycho2 catalogue (Høg et al. 2000) , the sample was limited to targets within the A-type star colour range (0.0 BT − VT 0.33; Gray 1992). Figure 2. The distribution of distance estimates for the 636 A-type stars within the volume-limited sample. The shading of the histogram indicates whether the target was within both the adaptive optics and photographic plates sample (blue histogram), only the adaptive optics sample (red histogram), only the photographic plates sample (green histogram), or was not within either sample (open histogram). The distance distribution of the observed stars is complete up to approximately 50 pc, beyond which a significant proportion of the volume-limited sample remains unobserved. Targets at close distances were preferentially observed in order to increase the sensitivity to binary companions at small physical separations.
Finally, an absolute magnitudecut-off of MV < 4 was imposed to remove two faint white dwarfs that have colours consistent with Atype stars. Due to their brightness exceeding the magnitude limit of Figure 3 . The distribution of the age estimates for each target estimated from solar-metallicity isochrones (Siess et al. 2000) . The shading of this histogram is as in Fig. 2 .
the Tycho2 catalogue (VT 2.1; Høg et al. 2000) , seven nearby A-type stars were not listed within the catalogue -α CMa (Sirius), α Gem, β Leo, α Oph, α Lyr (Vega), α Aql (Altair) and α PsA (Fomalhaut) -and were therefore excluded by the sample selection process.
Drawn from the 636 stars which satisfy these selection criteria, the VAST sample consists of 435 A-type stars within 75 pc. The positions of the VAST targets on the colour-magnitude diagram are shown in Fig. 1 , and span the full range of A-type stars. A histogram of the distances to the observed targets is shown in Fig. Figure 4 . The distribution of the mass estimates for each target estimated from solar-metallicity isochrones (Siess et al. 2000) . The shading of this histogram is as in Fig. 2 . 2, with the VAST sample nearly complete within a distance of 50 pc. In order to convert the measured magnitude difference between an A-type star primary and a resolved companion into a mass ratio for the system, an estimate of the age is required. This is due to the age dependence of the mass-magnitude relation used within this study for A-type stars, and for low-mass M-dwarfs at ages 100 Myr. The procedure used for estimating the age and mass of each target is given in Appendix 1, with the resulting distribution of ages and masses of the sample given in Figs 3 and 4.
DATA ACQUISITION

Adaptive optics observations
High-resolution AO images of a sample of 363 A-type stars were obtained through a combination of new observations of 257 stars obtained between 2008 and 2011 and archive images of an addi- Table 3 , and the archive AO data included in the sample are summarized in Table 4 . For the new observations, images were obtained using a near-infrared filter, decreasing the contrast between the bright A-type star primary and any faint companion candidate relative to optical wavelengths. The observational strategy was designed such that the images would be sensitive to companions at the bottom of the main sequence (∆K ≈ 7 − 10, depending on the primary), at angular separations of ρ 1 arcsec. Unsaturated exposures of each target were taken to detect high mass ratio companions at close separations and calibrate the photometry. Longer saturated exposures were also obtained and provided sensitivity to low-mass companions beyond the saturated point spread function of the bright target. A typical unsaturated sequence included exposures obtained with a low transmission narrow-band filter at a number of dither positions, removing the effect of bad pixels and cosmic ray events. For the observations involving CFHT/KIR, Lick/IRCAL and Gemini/NIRI, saturated exposures were then taken using a wide-band filter at a number of dither positions, significantly increasing the sensitivity of the observations to faint companions at the bottom of the main sequence. Saturated exposures were not obtained using Palomar/PHARO; instead, a large number of short exposures were combined to achieve sensitivity to faint companions.
In addition to the new observations presented within this study, VLT/NaCo (Lenzen et al. 2003; Rousset et al. 2003) and CFHT/KIR data taken in similar AO snapshot modes were obtained from the ESO and CFHT science archives. Archived observations which were obtained using complex imaging techniques such as angular differential imaging, primarily used to search for extremely faint planetary-mass companions (Marois et al. 2006) , are not included in this study. AO images of 184 of the sample members were obtained from the two science archives, providing measurements of an additional 106 targets not observed as a part of our dedicated observing programme.
Digitized photographic plates
The high angular resolution AO component of the survey was augmented with a search of astrometric catalogues for wide common proper motion (CPM) companions, confirmed with a visual inspection of digitized photographic plates. Astrometric data were obtained from a number of sources: bright CPM companions were identified from a previous analysis of the Hipparcos catalogue (Shaya & Olling 2010) , while fainter CPM companions were selected from a union of the SuperCosmos Sky Survey (SSS) Science Archive (Hambly et al. 2001) , the PPMXL catalogue (Roeser et al. 2010 ) and the Fourth US Naval Observatory CCD Astrograph Cat- alog (UCAC4; Zacharias et al. 2012) . In order to estimate the innermost separation at which these catalogues were sensitive to all stellar companions, and to select a subsample of stars with a high apparent motion, digitized scans of photographic plates from the UK Schmidt (UKST), ESO Schmidt and Palomar Oschin Schmidt (POSS) sky surveys (Table 5) were obtained from the SSS Science Archive (Hambly et al. 2001 ) for each of the 636 stars within the sample.
DATA REDUCTION AND CANDIDATE IDENTIFICATION AND CHARACTERIZATION
Adaptive optics observations
Each science image was processed through the standard nearinfrared data reduction process, beginning with a dark frame subtraction, and division by a flat-field. The sky background for each target was estimated from a median combination of the science images obtained at different dither positions, unless dedicated sky frames were taken, and was scaled to and subtracted from each science image. Bad pixels and cosmic ray events were flagged and interpolated over, using both a bad pixel map, generated from the flat-field analysis, and a search for pixel outliers within each image. To increase sensitivity to faint companions and increase the signal-to-noise ratio of any detection, the individual science images obtained for each target were aligned to a common centre and combined through a median combination. The registration of the unsaturated images was achieved by determining the Gaussian centroid of the target within each image; close companions were masked before centroiding. The images of each target were then shifted using cubic interpolation. Prior to performing a median combination of the images, a radial profile was calculated and subtracted. The median of these aligned images was then calculated to create the final science image. For the saturated images, an estimate of the centroid of the target was determined through an analysis of the diffraction spikes from the secondary mirror supports on each telescope. By cross-correlating the position of the diffraction spikes within each individual saturated exposure of a given target, the offsets required to register each image to a common centre were calculated (Lafrenière et al. 2007) . As with the unsaturated exposures, a radial profile was calculated and subtracted from each aligned image, and a final science image was created through a median combination.
Companion candidates were identified through a visual inspection of the final science images. The centroid of each companion candidate was compared with the centroid of the target in order to measure the separation and position angle of the companion. These measurements were converted into an on-sky separation and position angle (ρ, θ) using the pixel scale and angle of North of the detector, estimated from observing an astrometric field (the Trapezium; McCaughrean & Stauffer 1994) or a calibration binary. The magnitude difference measured between each companion candidate and the central target was estimated using aperture photometry, with the flux of the central target scaled as a function of the filter transmission and exposure time for companions resolved within the saturated exposures. The aperture was twice the full width at halfmaximum (FWHM) measured within the final science frame, with a sky annulus between six and eight times the FWHM. The uncertainties of the separation, position angle and magnitude difference were estimated from the standard deviation of the astrometric and photometric measurements obtained from each individual exposure prior to combination.
The angular separation of each companion was converted to a projected separation (aproj) using the distance to the primary obtained from the Hipparcos catalogue (van Leeuwen 2007) . The magnitude difference between each primary and companion was converted to both a secondary mass (M2) and mass ratio (q = M2/M1), using the absolute magnitude of the primary obtained from 2MASS and theoretical solar-metallicity isochrones (Siess et al. 2000; Baraffe et al. 1998) . For candidates at close separations ( 5 arcsec), the absolute magnitude of the primary obtained from the 2MASS catalogue is based on the sum of the flux Figure 6 . The position of each common proper motion candidate on the colour-magnitude diagram was compared with theoretical isochrones (black lines, Baraffe et al. 1998; Siess et al. 2000) in order to reject background objects with the same apparent motion. Those candidates thought to be physically associated based on their proper motion and position on the colour-magnitude diagram are highlighted (blue stars). Candidates with mass ratios of q < 0.05, but otherwise consistent with being physically associated, were excluded. from both primary and companion. The contamination of the magnitude of the primary caused by the presence of a bright companion was removed using the magnitude difference measured within this study, prior to the estimation of the mass of the companion and the mass ratio of the system.
With only one epoch for most targets, the assessment of physical association was based on a statistical cut-off estimated using 2MASS source counts. The spatial distribution of the targets, superimposed on the surface density of 2MASS point sources, is shown in Fig. 5 . Using the 2MASS catalogue, a power law was fit to the cumulative number of 2MASS J, H and KS point sources per square arcsecond as a function of magnitude (De Rosa et al. 2011) . For each companion candidate resolved within this study, the corresponding probability of finding a 2MASS point source of the same magnitude or brighter within the same radius was calculated. Only companion candidates with less than 5 per cent chance of being a chance superposition were included in the final results and discussion.
Digitised photographic plates
In order to ensure that the CPM companion detections were reliable, a subsample was designed to remove those targets with very small proper motions. As the astrometric data obtained from the SSS Science Archive represent the data set with the shortest time baseline over which to measure proper motions, a lower limit on the total expected proper motion of a bound CPM of 4 pixels (> 2.7 arcsec) was applied to the complete sample. Using the longest time baseline between the photographic plates obtained from the SSS Science Archive, and the annual proper motions reported within the Hipparcos catalogue, a sample of 228 stars was selected. As the level of sensitivity to faint stellar companions varies as a function of separation, and the brightness of target itself, the innermost separation to which the astrometric catalogues were sensitive to all stellar companions was estimated from the photographic plates. For each of the 228 targets, the innermost separation was estimated as the separation at which the flux of the primary reduced to 75 per cent of its peak value, a conservative estimate based on an analysis of the magnitudes of the background objects within each field.
Bright (V 8) CPM companions were drawn from an analysis of the Hipparcos catalogue, taking into account both the proper motions and parallax measurements (Shaya & Olling 2010) . Companions below the limiting magnitude of the Hipparcos catalogue were identified based on their proper motion from the three astrometric catalogues described previously; the SSS Science Archive (Hambly et al. 2001) , the PPMXL catalogue (Roeser et al. 2010) and the UCAC4 catalogue (Zacharias et al. 2012) . Only those objects with a proper motion within 1.5σ of the motion of the primary stated within the Hipparcos catalogue were selected. In order to ensure a CPM companion was not missed during this automated procedure, the position of each source within the astrometric catalogues were marked within the mosaic of each target, revealing the presence of any source not included within the astrometric catalogues.
The relative position and brightness of each identified CPM companion was determined from the astrometry and photometry within the 2MASS catalogue, from which the projected separation and position angle were calculated. The magnitude difference between the target and the comoving companion was converted into a secondary mass and a mass ratio using theoretical solar-metallicity isochrones (Baraffe et al. 1998; Siess et al. 2000) , in the same manner as the AO companions. Finally, the CPM companions were plotted on a colour-magnitude diagram (Figure 6 ), to reject background objects with similar proper motions but an unphysical location on the colour-magnitude diagram, assuming the primary and companion are at the same distance.
SURVEY COMPLETENESS
The completeness of the observations was estimated in order to minimize any bias within the distribution of companion properties measured within the survey. For the AO data, a one-dimensional sensitivity curve was created for each image, with the sensitivity limit at radius r calculated as the standard deviation of the image pixel values within a circular annulus of width 2λ/D. The faintest companion to which the data were sensitive was estimated as a signal five times this standard deviation. The largest separation considered for each target was the radius at which at least 90 per cent of the position angles were sampled by the images. For targets with multiple observations, the best contrast achieved at a given separation was used as the formal detection limit at that separation. The average detection limits for observations obtained using each instrument are shown in Fig. 7 , while the overall completeness of the survey is given in terms of both observable (ρ, ∆m) and physical quantities (aproj, q) in Fig. 8 . 15 arcsec, a proj 2, 000 au) and the analysis of the photographic plates (N = 228, ρ 15 arcsec, a proj 2, 000 au), expressed in terms of (left-hand panel) angular separation and magnitude difference, and (right-hand panel) projected separation and mass ratio. The companion candidates identified within the adaptive optics data set (white filled points) and CPM companions identified within the photographic plates (white filled stars) are plotted. The regions of phase space not sampled by the observations are shown in white for clarity. a -HIP 4979 B is resolved into a binary system itself. b -The secondary in this pair is a known binary which is unresolved within the AO observations c -The primary in this pair is a known binary which is unresolved within the AO observations d -HIP 91926 CD is a wide CPM companion to HIP 91919 AB. The average sensitivity of the observations obtained using KIR at the CFHT (black solid curve), NIRI at Gemini North (blue solid curve), PHARO at Palomar (red solid curve), IRCAL at the Lick Observatory (green solid curve), and observations obtained from the CFHT/KIR (black dashed curve), and ESO/NaCo (blue dashed curve) science archives. Companion candidates have been coloured corresponding to the instrument with which they were detected, with open circles corresponding to the two archive sources. Those companion candidates which fail the statistical criterion described in this section, or have mass ratios of q < 0.1 are denoted by small grey points. Duplicate observations of the same companion have not been removed from this figure. . The final separation distribution was created from a synthesis of six subsamples, minimizing the biases introduced by a non-uniform level of completeness to companions within the adaptive optics observations and photographic plates. The separation distribution is constructed from two distinct data sets, the companion candidates resolved within the adaptive optics observations (30 -800 au), and the common proper motion companions detected within the photographic plates (1,800 -45,000 au). The number of stars comprising the subsample used to estimate the frequency of companions within each bin of the distribution are given above the corresponding bin of the histogram. The gap in the distribution is caused by the lack of sensitivity within the adaptive optics observations to wide binary systems (a proj 10 3 au), and the saturation of the bright targets within the digitised photographic plates (a proj 10 3 au). Assuming a log-normal distribution, as measured in the separation distribution for companions to solar-type stars (Raghavan et al. 2010) , the location of the peak of the distribution was estimated as log a proj = 2.59 ± 0.13, corresponding to a proj = 387 +132 −98 au, with a width of σ log a proj = 0.79 ± 0.12.
Identified companion candidates
The companions identified both within the AO observations and from a search for CPM companions, are plotted as a function of projected physical separation and mass ratio in Fig. 8 . A total of 108 companion candidates satisfying the 5 per cent statistical criterion with mass ratios of q 0.05, corresponding to a companion mass of 0.08 M⊙ around a 1.5 M⊙ primary, were identified within the high-resolution AO observations. The observed and derived parameters of each resolved companion is listed in Table 6 . The companions span a range of separations between 0.08 and 23.2 arcsec, and secondary masses spanning from A-type companions (q ≈ 1) to late M-type companions at the bottom of the main sequence (q ≈ 0.05). Of the 113 identified companions within the AO observations, 51 were newly resolved as a part of the VAST survey (De Rosa et al. 2011 , 33 of which are presented for the first time within this paper. These 113 AO imaging companions were complemented by an additional 24 CPM companions, the observed and derived parameters of which are listed in Table 7 .
Separation distribution
The binary separation distribution was constructed over eight equally wide bins in log aproj -four bins spanning log aproj = 1.5 − 2.9 (approx. 30 -800 au) for the AO companions, and four bins spanning log aproj = 3.25 − 4.65 (approx. 1,800 -45,000 au) for the wide CPM companions. For each bin, the subsample of targets used to determine the frequency of companions within that bin is the set of targets with sensitivity covering 95 per cent of the companion phase space. Within each bin, this companion phase space is defined by the inner and outer edge of the bin, and a mass ratio range of q 0.1. The frequency within each bin was thus determined from the number of companions with separations within the inner and outer edges of the bin, resolved around targets within the subsample described previously. As the majority of the orbital parameters for each resolved system are not known, the separations within this study are expressed as projected separations, without applying a correction factor to estimate the true semi-major axis (Kuiper 1935; Couteau 1960) .
The A-type star binary separation distribution is shown in Fig.  9 , with the number of targets used to determine the frequency within each bin listed. Similar to previous multiplicity surveys (Duquennoy & Mayor 1991; Raghavan et al. 2010 ), a log-normal function was fitted to the measured separation distribution. The resulting fit has a peak located at log aproj = 2.59 ± 0.13, corresponding to aproj = 387 +132 −98 au, and a width of σ log a proj = 0.79 ± 0.12. The measured separation distribution is fit well by a log-normal function, with a slight over-abundance of CPM companions at separations of 4.25 log aproj < 4.65.
Mass ratio distribution
The mass ratio of each companion resolved within this study is shown as a function of projected separation in Fig. 8 . The apparent deficiency of q > 0.7 companions resolved beyond ∼100 au suggests that the shape of the mass ratio (q-) distribution may be dependent on the projected separation range over which it is constructed. In order to test this, two q-distributions were constructed from the AO-resolved companions between 30 -800 au. An inner and an outer q-distribution were constructed, with the dividing separation marched from 30 to 800 au in steps of log aproj = 0.05. The statistical similarity of the two distributions at each dividing separation was determined using a two-sided Kolmogorov-Smirnov (KS) test. A minimum value of the KS statistic was found at a separation of log aproj = 2.1 (125 au), with the inner (30 -125 au) and outer (125 -800 au) q-distributions being statistically distinct with a KS statistic of 3.47 × 10 −3 . To minimize bias introduced by contamination from background stars falsely identified as companions, which will be most significant at the lowest mass ratios, only those companions with a mass ratio of q 0.15 were considered when constructing the q-distributions.
The two resulting q-distributions, an inner distribution consisting of companions with separations of log aproj = 1.5 − 2.1 (30 -125 au) and an outer distribution with log aproj = 2.1 − 2.9 (125 -800 au), are shown in Figure 10 . The inner q-distribution, comprising 18 companions resolved around 341 targets, is consistent with a flat distribution, while the outer q-distribution, comprising 35 companions resolved around 266 targets, shows a significant increase in companion fraction as a function of decreasing mass ratio.
Companion star and multiplicity fractions
There are two different quantities which can be used to express the fraction of stars within multiple systems; the multiplicity fraction (MF; Reipurth & Zinnecker 1993) , defined as
and the CSF (Goodwin et al. 2004) , defined as
where B, T and Q are the number of binary, triple and quadruple systems, respectively. From our AO observations, the CSF between 30 -800 au (CSF30−800au) was calculated by summing the inner four bins of the separation distribution in Fig. 9 , leading to a CSF of 21.9 ± 2.6 per cent for companions with q 0.1. As a largesubset of the AO observations were sensitive to stellar companions with q < 0.1, a lower limit of the CSF30−800au value including all stellar companions with q 0.05 was estimated to be 26.0 per cent. The CSF over a wider separation range (30 -10,000 au; CSF30−10,000au), calculated by integrating the fit to the separation distribution shown in Fig. 9 , was estimated to be 33.8±2.6 per cent. These three estimates of the CSF are given in Table 8 , alongside the separation range over which they were constructed, and the mass range of companions included.
The total CSF for A-type stars, considering companions at all possible separations, can be estimated by combining the CSF30−10,000au measurement from this study with the results of previous spectroscopic surveys. These surveys typically measured the frequency of companions to three categories of A-type stars; normal (30.9 ± 7.5 per cent; Abt 1965), metallic-lined (63.7 ± 8.4 per cent; Carquillat & Prieur 2007) and chemically peculiar (43.0± 6.0 per cent; Carrier et al. 2002) . When weighted according to the fraction of the VAST sample within each of these categories (normal -85.3 per cent, Am -11.5 per cent, Ap -3.2 per cent), the weighted frequency becomes 35.1±6.5 per cent. The total CSF for A-type stars was then calculated as the sum of the CSF30−10,000au measurement from this study, and the weighted frequency from the spectroscopic surveys, a total of 68.9 ± 7.0 per cent (Table 8) . Although not significantly higher than the value for solar-type primaries, measured to be 61.0 ± 3.7 per cent (Raghavan et al. 2010) , the completeness of the spectroscopic surveys has not been assessed, and binaries with separations of the order of 10 au may have been missed due to their small radial velocity variations over the time period in which they were observed spectroscopically.
Additionally, a lower limit of the MF over all companion separations was estimated for the sample of 156 A-type stars which both have AO observations and were searched for wide CPM companions, providing sensitivity to companions over the widest separation range, and crucial for the best assessment of the frequency of higher order multiples (described in Section 7.6). This lower limit of 43.6 ± 5.3 per cent, listed in Table 8 , was calculated using the companions reported within Tables 6 and 7 , combined with physically associated binaries recorded within the Washington Double Star Catalog (WDS; Mason et al. 2001) , the Ninth Catalogue of Spectroscopic Binary Orbits (SB9; Pourbaix et al. 2004 ) and eclipsing binaries within the General Catalogue of Variable Stars (GCVS; Samus et al. 2009 ), which are all listed in Table 9 .
DISCUSSION
Comparison samples of different masses and ages
In order to place the results of this volume-limited multiplicity of A-type stars into context, it is necessary to consider samples against which the results will be compared. The results of the VAST survey are compared to volume-limited multiplicity surveys of lower mass solar-type, M-dwarf and brown dwarf primaries (Fischer & Marcy 1992; Reid et al. 2008; Raghavan et al. 2010) , allowing for an investigation of the various multiplicity statistics as a function of primary mass. The results cannot be easily compared to more massive stars within the field given the very small number of stars with spectral type earlier than B7 within 75 pc (Abt 2011) . The VAST results are also compared with B-and A-type stars within the nearby ScoCen OB association (Kouwenhoven et al. 2005) , allowing for a comparison of the multiplicity statistics between cluster and field populations. For each of these comparison samples, the separation and mass ratio of each companion is known, so a fair comparison can be made between the various surveys over a common range of companion separation and mass ratios (Table 8 ). More recent studies of M-dwarf multiplicity have not been included as comparison samples as these surveys do not have sensitivity to companions with separations 200 au (Bergfors et al. 2010; Janson et al. 2012 ).
Multiplicity as a function of primary mass
Observed trend
The A-type star CSF was calculated and compared with other samples over two separation ranges -the 30 − 800 au range continuously covered by the AO data, and the 30 − 10, 000 au range which was estimated from the fit to the separation distribution shown in Fig. 9 . The CSF30−800au measured within the VAST survey is plotted alongside the observed CSF30−800au for solartype ( A CSF 1.5 log a proj < 2.9 q 0.10 21.9 ± 2.6 A CSF 1.5 log a proj < 2.9 q 0.05 26.0 A CSF 1.5 log a proj < 4.0 q 0.10
BA (ScoCen) CSF 1.5 log a proj < 2.9 q 0.10 25.1 ± 3.6 BA (ScoCen) CSF 1.5 log a proj < 2.9 q 0.05 28.1 FGK CSF 1.5 log a proj < 2.9 q 0.10 19.6 ± 2.1 FGK CSF 1.5 log a proj < 4.0 q 0.10 27.8 ± 2.5
Figure 11. The CSF 30−800au measured within the separation range 30 -800 au measured for, from left to right, Sco OB2 primaries (black point, Kouwenhoven et al. 2005) , field A-type stars (blue point, this study), field solar-type stars (green point, Raghavan et al. 2010) , field M-dwarf primaries (red point, Fischer & Marcy 1992). The upper limit for companions to brown dwarfs within this separation range is also shown (pink downward triangle, Allen et al. 2007) . A lower limit on the CSF 30−800au including all stellar companions to A-type stars (q 0.05) was estimated by including companions resolved within this study with mass ratios within the range 0.05 q < 0.1 (blue upward pointing triangle, dashed error bars). Similarly, for the study of Sco OB2 primaries, the CSF including all stellar companions is plotted (black upward pointing triangle, dashed error bars). q 0.1, and projected separations between 30 and 800 au, ensuring a fair comparison between all surveys with a uniform mass ratio limit. For the surveys of nearby solar-type stars and Sco OB2 primaries, the CSF30−800au value could be calculated directly from the table of companions presented within each study. For the sur- Figure 12 . The CSF 30−10,000au is estimated from the log-normal fit to the separation distribution within the range 30 -10,000 au for, from left to right, field A-type stars (this study, blue point), solar-type stars (green point, Raghavan et al. 2010 ) and field M-dwarf primaries (red point, Fischer & Marcy 1992) . The upper limit for companions to brown dwarfs within this separation range is also shown (pink downward triangle, Allen et al. 2007 ).
vey of nearby M-dwarfs, the CSF30−800au value was estimated from an integration of the frequency of companions per primary per au given over several discrete separation ranges (Fischer & Marcy 1992) . In addition to the stellar results, the upper limit to the Ldwarf CSF beyond 40 au is plotted (Allen et al. 2007 ). The measured CSF for A-type primaries is similar to that of early-type stars within the young Sco OB2 stellar association (Kouwenhoven et al. 2005) , when limited to a common separation and mass ratio range (Fig. 11) .
While the uniform q 0.1 limit reaches the bottom of the Rucinski et al. (2005) main sequence for the solar-type and lower mass samples, this limit does not include all stellar companions to A-type stars. To compare the CSF30−800au values with a common companion mass limit, the q limit for the A-type stars needs to be extended to include systems with q 0.05. For the VAST and Sco Cen OB2 samples, the CSF30−800au was calculated with a limit of q 0.05, and the values are listed in Table 8 and plotted in Fig. 11 . These values represent lower limits to the CSF30−800au, since the data are not uniformly sensitive to companions at these extreme mass ratios.
Extending the range of companion separations considered, the CSF30−10,000au values were estimated from the fit to the observed companions to solar-type (Raghavan et al. 2010 ) and Mdwarf (Fischer & Marcy 1992) primaries, and are listed in Table  8 and plotted in Fig. 12 . A similar value was not calculated for the Sco OB2 primaries, as the observations were only sensitive to companions with separations within 1600 au. The increase in the CSF as a function of increasing primary mass is apparent over both separation ranges, albeit within the large uncertainty of the CSF for M-dwarf primaries (Figs 11 and 12) . . Overplotted for reference are, from left to right, the lower limit on the multiplicity fraction of A-type stars measured within this survey, and the observed multiplicity fraction of nearby solar-type (Raghavan et al. 2010 ), M-dwarf (Fischer & Marcy 1992) and brown dwarf (Reid et al. 2008 ) primaries.
Theoretical predictions
Hydrodynamical (Bate 2009 (Bate , 2012 and numerical Nbody (Durisen et al. 2001; Sterzik & Durisen 2003; Hubber & Whitworth 2005 ) simulations of stellar clusters predict that the total multiplicity increases with increasing primary mass with different functional forms, as shown in Fig. 13 . Both types of models reproduce the observed trend of multiplicity, however some discrepancies are present when the predictions are examined over a specific mass range. For example, the tight constraint on the measurement of the MF of solar-type primaries is lower than the predictions emerging from the barotropic hydrodynamical simulation (Bate 2009) , and numerical N -body interactions (Sterzik & Durisen 2003; Hubber & Whitworth 2005) , while being consistent with the radiation hydrodynamical simulation (Bate 2012) . As there was not uniform sensitivity to stellar companions to A-type primaries over the full range of companion separations, only a lower limit to the MF was estimated. Combining the results of the VAST survey with known binaries resolved in previous interferometric, spectroscopic and AO imaging surveys, leads to a lower limit on the total MF shown in Fig. 13 . The comparison to the various simulations would suggest a significant number of companions interior to ∼30 au remain unresolved. 
Separation distribution
Comparison with previous observations
The trend of a wider separation peak to the distribution as a function of increasing primary mass is consistent with previous multiplicity surveys of brown dwarf (Burgasser et al. 2006 ) and Mdwarf (Fischer & Marcy 1992) primaries (Figs 14 and 15) . The lognormal fit to the measured distribution is also significantly narrower than the solar-type companion separation distribution, with a standard deviation of σ log a = 0.79 ± 0.12 compared to σ log a ≈ 1.68 for solar-type companions (Fig. 14) , although the fit to the solartype separation distribution included companions at all separations. Extrapolating the fit to the A-type star companion separation distribution to closer separations suggests a complete lack of companions with separations of log aproj < 0, inconsistent with known spectroscopic companions to normal and metallic-lined Atype stars (Abt 1965; Carquillat et al. 2003) . These spectroscopic systems are not included within the separation distribution plotted in Fig. 9 , as the companion mass ratio sensitivity limits are not quantified. It is evident that further investigations are required in order to fully constrain the shape of the separation distribution, with wide-field direct imaging filling the gap in the separation distribution between the AO observations and photographic plates presented within this work, and observations with high-order AO systems providing sensitivity to companions of mass ratio q 0.1 with projected separations between 10 and 100 au. For companions at separations interior to the angular resolution of AO instruments, radial velocity monitoring provides the only method sensitive enough to detect companion with mass ratios as extreme as q = 0.1, with current-generation interferometric techniques restricted by their limited dynamical range. 
Comparison with theoretical models
Simulations of dynamical interactions within stellar clusters and numerical calculations of companion formation through disc fragmentation both predict an increase in the location of the peak of the separation distribution as a function of increasing primary mass, and the different predictions are shown in Fig. 15 (Sterzik & Durisen 2003; Whitworth & Stamatellos 2006) . These results are consistent with hydrodynamical simulations showing stellar binaries have a wider median separation (∼26 au) than brown dwarf binaries (∼10 au), although the latter result may be affected by the resolution limit of the calculation (Bate 2009 ).
Measurements of the position of the peak of the companion separation distribution for lower mass primaries are consistent with these predictions (Fischer & Marcy 1992; Burgasser et al. 2006; Raghavan et al. 2010) , while the A-type star separation peak occurs at a wider separation than expected (Figure 15 ). Although this peak occurs at a significantly wider separation than that of resolved planetary-mass companions to nearby A-type stars (Kalas et al. 2008; Marois et al. 2008; Lagrange et al. 2009 ), the dynamical interaction between a disc and a companion at the typical separation of ∼390 au may lead to a truncation of the disc to a radius as small as ∼50 au (Artymowicz & Lubow 1994) . Interior to the disc truncation radius, the perturbations induced by the companion may significantly affect the planet formation process (Nelson 2000; Kley & Nelson 2008 ). This would suggest that a majority of A-type star binaries, and as such a significant minority of A-type stars in general, may not be amenable to the formation of planetary-mass companions. 
Mass ratio distribution
Comparison with previous observations
Determining how the q-distribution changes as a function of separation for different primary masses will allow for a greater insight into the various formation processes for binary companions which may dominate over different separation regimes. As the q-distribution for companions to A-type stars has been divided into two statistically distinct subsamples (Fig. 10) ; a similar technique was applied to the companions resolved around solar-type stars (Raghavan et al. 2010) . The inner and outer subsamples were found to be most statistically distinct at a dividing separation of log a = 1.5 (∼30 au), with a KS statistic of 9.92 × 10 −9 . The inner and outer qdistributions are plotted in Fig. 16 , showing that lower mass companions to solar-type primaries are preferentially found in wider orbits. The cumulative q-distribution of these two distinct subsamples are plotted in Fig. 17 , alongside the two cumulative distributions measured for companions to A-type primaries, and the functional form of the cumulative q-distribution of companions to brown dwarf primaries (Burgasser et al. 2006) . By fitting a power law to each of the five distributions, the best-fitting power-law index was estimated and plotted as a function of separation (Fig. 18 ). This shows a trend of a greater frequency of lower mass companions at wider separations for both A-type and solar-type primaries, although the A-type comparison is made over a significantly narrower separation range. Figure 17 , for A-type primaries (blue points), solar-type primaries (green points) and brown dwarf primaries (pink point). The data are indicative of a trend of a greater frequency of equal-mass companions at closer separations, for both A-type and solar-type primaries.
Comparison with theoretical models
Two binary formation scenarios are thought to pre-dominate over the 30 -10,000 au separation range to which this study is complete, the initial fragmentation of a pre-stellar molecular cloud (e.g. Boss & Bodenheimer 1979; Bonnell et al. 1991 ) and fragmentation of a large circumstellar disc (e.g. Adams et al. 1989; Bonnell 1994; Woodward et al. 1994 ). The initial fragmentation of a cloud prior to the formation of protostellar objects can produce binary systems with separations ranging between 10 1 and 10 4 au, with a wide range of companion mass ratios (Boss 1986; Bonnell et al. 1991; Bonnell & Bastien 1992; Bate et al. 1995) . A scale-free fragmentation model, in which the companion q-distribution is independent of the initial clump mass (Clarke 1996) , can be tested against the observations presented here. The initial fragmentation model predicts an MF which is weakly dependent on primary mass, and a mass ratio distribution which is independent, or weakly dependent on primary mass. These predictions are inconsistent with both the observed trend in multiplicity as a function of primary mass for stellar primaries (Figs 11 and 12) , and the observed variation in the companion q-distribution between companions to solar-type and Atype primaries (Fig. 17) . Star formation within a more clustered environment may introduce a dependence on primary mass, with more massive primaries having q-distributions skewed towards less massive companions (Bonnell & Bastien 1992; Bate 2001) . Simulations of the dynamical decay of small clusters, formed through the fragmentation of an initial cloud (Sterzik & Durisen 1998) , have produced companion q-distributions which are consistent with observed companion q-distributions, and its dependence on primary mass.
Subsequent to the fragmentation of an initial cloud the conservation of angular momentum causes the infall of material from the surrounding cloud to form a protostellar disc (Bonnell 1994) . These discs can fragment to produce substellar and stellar companions, provided that a mechanism for the disc to become gravitationally unstable, and subsequently cool efficiently, is present (e.g. Kratter et al. 2010) . This formation process is thought to be more important for more massive stars (Kratter 2011), due primarily to the large reservoir of material within the massive discs of these stars (e.g. Fukagawa et al. 2010 ). This process may lead to a significant number of disc-born lower mass companions to more massive stars (Kratter et al. 2010; Stamatellos et al. 2011) , with the preferential equalisation of the mass ratios of those binaries formed at close separations (Bate & Bonnell 1997; Bate 2000) .
The measured q-distribution presented within this study, with a greater abundance of lower mass companions around more massive stars, is consistent with predictions from both initial and disc fragmentation. The shape of the q-distribution for companions resolved between 30 to 800 au is consistent with a population of disc-born companions (Kratter et al. 2010) , and such companions are within a separation range coincident with the extent of known circumstellar discs of pre-main sequence A-type stars (e.g. Dent et al. 2006; Hamidouche et al. 2006; Fukagawa et al. 2010) . For the widest companions, formation via disc fragmentation is not possible, and the observed frequency of wide ( 10 3 au) binary companions is consistent with a population of companions formed through initial fragmentation (Bonnell & Bastien 1992) . In reality, the observed population is likely a synthesis of, at least, these two types of fragmentation. Hydrodynamical simulations which incorporate both of these processes are able to produce companions over a wide range of separations (Bate 2009 (Bate , 2012 , consistent with the observed separation distribution for solar-type stars, although these simulations are not yet large enough to include a statistically significant number of A-type stars.
Multiplicity of A-type star subsamples
Metallic-line (Am) A-type stars are distinct from normal A-type stars due to an overabundance of heavy elements within their observed spectra, with the notable exception of calcium and scandium (Boffin 2010) . These anomalous abundances can be explained by diffusion within the stellar atmosphere (Michaud 1980; Talon et al. 2006) , which can only occur for stars with rotational velocities of v 100 km s −1 (Michaud et al. 1983 ). As they do not posses sufficiently strong magnetic fields to induce magnetic breaking (Conti 1970; Aurière et al. 2010) , Am stars must either form with a lower rotational velocity than normal A-type stars, or this initial fast rotational velocity is reduced through the tidal breaking caused by an orbiting companion (Roman et al. 1948) . In order to effectively reduce the rotational velocity of the primary necessary for diffusion to occur, the companion must be on a relatively short orbit with P 35 d (Budaj 1997) , consistent with the observed abundance of short-period spectroscopic companions to Am stars (Abt & Levy 1985; Carquillat & Prieur 2007) . For the 50 stars within the VAST sample classified as metallic-lined within the SIMBAD data base, an MF of 58.0 +6.5 −7.1 per cent was estimated based on a combination of those companions resolved in this study, and those previously reported within the literature. This is significantly higher than the multiplicity fraction for the sample of 371 normal (non-Am nonAp) A-type stars, at 37.6 +2.6 −2.4 per cent, a discrepancy which can be attributed to the relatively large number of known spectroscopic components to the Am stars within the VAST sample (e.g. Abt 1962; Abt & Levy 1985; Carquillat & Prieur 2007) .
Like Am stars, chemically peculiar (Ap) A-type stars are also observed to have low rotational velocities (Abt et al. 1972) . The low frequency of close binary companions to Ap stars is inconsistent with the tidal breaking mechanism used to explain the low rotational velocities of Am stars (Babcock 1958; Carrier et al. 2002) , and instead an alternate mechanism involving magnetic breaking is thought to predominate (Abt & Snowden 1973) . The strong magnetic fields measured in non-HgMn Ap stars precludes the presence of a close binary companion (Abt & Snowden 1973) , consistent with the observed deficiency of binary companions with periods 3 days (Carrier et al. 2002) . With the full VAST sample, only 14 stars are classified as being chemically peculiar (Ap) within the SIMBAD data base. Combining those companions measured within this study with known literature companions (Table 9) Marois et al. 2008 Marois et al. , 2010 . No stellar companions were identified to either of these stars within the AO observations presented within this study, and no wide CPM companions were identified up to a separation of 45,000 au around either HR 8799, consistent with previously published analyses (Close & Males 2009 ) and β Pic. Although β Pic was not originally included in the wide CPM companion search described in Section 4.2 due to its relatively low proper motion, it is included here for completeness. This subsample was expanded by including all known exoplanet-hosting main sequence A-type stars which were not included within the VAST survey -Fomal- Figure 20 . The ratio of the outer and inner period plotted as a function of the inner period for hierarchical triple systems consisting of a tight binary and a wide tertiary component (filled circles), and those consisting of a single star with a distant pair of lower mass components in a tight orbit (open circles). For binary systems without an orbital period, the period has been estimated from the projected separation. The stability limit of P 2 /P 1 = 5 is also shown (dashed line), with systems below this line being susceptible to dynamical processing (Eggleton 2006) . The only hierarchical triple system found to be in a potentially unstable configuration within this study is indicated.
haut (Kalas et al. 2008) , κ And (Carson et al. 2013 ) and HD 95086 (Rameau et al. 2013) . Excluding the known comoving companions to Fomalhaut, TW PsA (Luyten 1938; Shaya & Olling 2010) and LP 876-10 (Mamajek et al. 2013) , no additional wide CPM companions up to a separation of 45,000 au were identified using the same procedure as described in Section 4.2. Assuming that all of the stellar components within each system have been resolved, the MF of the known exoplanet-hosting A-type stars can be estimated as 20 +25 −8 per cent, a preliminary approximation given the extremely small sample size.
Higher order multiples
Separations of less than 30 au are not fully covered by the VAST survey, but combining the spatially resolved systems from this study, with spectroscopic, speckle and interferometric binaries (Mason et al. 2001; Pourbaix et al. 2004 ), allowed for a lower limit estimate of the population of higher order multiples. Among the 156 VAST targets which had both AO observations and were searched for CPM companions -providing sensitivity to the widest range of separations -the number of single, binary, triple, quadruple and quintuple systems were 88, 50, 14, 3 and 1, respectively (56.4 −0.2 per cent). These relative frequencies are comparable to the ratio of multiple systems measured for solar-type stars (Raghavan et al. 2010) , although the A-type star frequencies will change as new components are resolved. Expanding the analysis to include the full VAST sample of 435 stars, the relative frequencies remain statistically consistent, with the number of single, binary, triple, quadruple and quintuple systems found to be 259, 129, 37, 8 and 2, respectively (59.5 Figure 19 . Schematic representations of the higher order multiple systems, combining those systems resolved within this study and previously known systems obtained from the literature. The components which were not resolved within this study are indicated by a dashed connection -for example, the B component of the HIP 128 system was not resolved as it is a spectroscopic binary with a ∼10 day period. The period is given for each hierarchical system, obtained from either a spectroscopic orbit fit, or an estimate based on the projected physical separation. Figure 19 . (Continued) Schematic representations of the higher order multiple systems, combining those systems resolved within this study and previously known systems obtained from the literature. The components which were not resolved within this study are indicated by a dashed connection -for example, the B component of the HIP 128 system was not resolved as it is a spectroscopic binary with a ∼10 day period. The period is given for each hierarchical system, obtained from either a spectroscopic orbit fit, or an estimate based on the projected physical separation. −0.1 per cent). Schematic representations of the 47 systems with three or more components are given in Fig. 19 .
Of the 37 triple systems, 27 consist of a tight binary system orbited by a distant, typically lower mass component. The remaining 10 systems are composed of a single primary, with a distant pair of lower mass components in a tight orbit. A preference of hierarchical triple systems consisting of a tight binary orbited by a more distant tertiary is found for solar-type primaries (Raghavan et al. 2010) , and while a similar preference is observed for A-type primaries, significant observational biases still exist. The greater frequency of this type of system would suggest that a more distant pair in a wide orbit around a single primary is either formed less frequently, or more susceptible to dynamical processing. Fig. 20 shows the ratio of the inner and outer period plotted as a function of the inner period for the 37 triple systems. All of the triple systems with a single primary and a distant pair in a tight orbit are found closer to the stability limit; however, this also coincides with the portion of the diagram to which the AO observations are sensitive to companions. To determine if the clustering of these single plus wide binary systems near the stability limit is simply an observational bias, high-resolution measurements of the secondary components of wide binary systems identified within this study are required in an attempt to resolve them into hierarchical triples.
Of the eight known quadruple systems, three are of ǫ Lyr-type, consisting of two pairs of binaries, with similar mass ratios and orbital periods, in a wide orbit (Tokovinin 2008) . The remaining five quadruple systems, and the two higher order systems, are all multi-levelled hierarchical systems, potentially products of multiple fragmentation events during the star formation process. All of these hierarchical multiple systems represent ideal candidates for orbital motion monitoring work. With sufficient orbital coverage, model-independent mass estimates can be derived for each component within the system (e.g Köhler et al. 2012 ), a useful diagnostic of evolutionary models (e.g. De Rosa et al. 2012) .
Two of the hierarchical systems within this study were found to have low period ratios, indicative of a dynamically unstable system (Eggleton 2006 ); a triple system consisting of a single primary and a wide pair in a tight orbit (HIP 44127 A-BC; ι UMa), and the widest binary component of a higher order system (HIP 11569 AB-CaCb; ι Cas). Both of these systems have indications of youth (Plavchan et al. 2009; De Rosa et al. 2012) , which would be consistent with an unstable dynamical configuration (Zhuchkov et al. 2012) . As the outer period in both cases are based on the projected separation measured within the AO observations, the systems cannot be conclusively described as unstable -measurements of the true semi-major axes are required.
SUMMARY
We have obtained high angular resolution AO observations of 363 nearby (D 75 pc) A-type stars in order to characterize the population of binary companions to these intermediate mass (M = 1.5 − 3.0 M⊙ stars. Combining these AO data with a search for wide CPM companions of 228 A-type stars using all-sky photographic plates, resulted in sensitivity to separation ranges of 30 -800 au for the AO data and 1,800 -45,000 au for the CPM search. A total of 137 companions were identified, consisting of 113 AO companion candidates with 95 per cent chance of being physically associated and 24 wide CPM companions confirmed by an analysis of their proper motion and position on the CMD. Of the resolved binary population, 64 were newly identified as companions as a result of this study.
Over a restricted separation range of 30 -800 au, we measure a CSF of 21.9±2.6 per cent (Fig. 11) , compared with 19.6±2.1 per cent for solar-type primaries (Raghavan et al. 2010) , and 17.1±5.4 per cent for M-dwarf primaries (Fischer & Marcy 1992) . The results are indicative of a trend of increasing multiplicity as a function of increasing primary mass, although the significant error bars prevent this from being a conclusive result (Fig. 11 and 12 ). This trend is consistent with predictions of the frequency of binary systems determined from numerical simulations (Sterzik & Durisen 2003; Hubber & Whitworth 2005; Bate 2009 Bate , 2012 , although the functional form of the increase does differ in all but the latter simulation (Fig. 13) .
The distribution of companion mass ratios over the 30 -800 au range was found to consist of two statistically distinct distributions, consisting of AO companions resolved interior to, and exterior to, a separation of ∼125 au. The inner distribution was measured to be flat for companions with q 0.15, while wider systems consisted preferentially of lower mass companions (Fig.  10) . By performing a similar analysis on the field solar-type data (Raghavan et al. 2010) , we find a similar pattern of a greater frequency of lower mass companions at wider separations (Fig. 16) . The relative abundance of equal-mass companions at close separations in both this study, and for solar-type primaries, is consistent with the equalisations of the masses of companions at close separations (Bate & Bonnell 1997; Bate 2000) . For wide companions (aproj 125 au), the high frequency of lower mass companions may be indicative of a large population of companions formed through either initial (Bonnell & Bastien 1992) or disc fragmentation (Kratter et al. 2010) .
We have presented the first comprehensive multiplicity statistics for A-type stars over a wide separation range, with sensitivity extending to the lowest mass stellar companions. These results are crucial for providing empirical comparisons to theoretical predictions of binary star formation over a range of stellar masses, and companion separations, and comparisons to previous multiplicity surveys of lower mass primaries. An important extension of this survey would be to search for companions interior to the detection limits of the AO data presented within this paper (aproj 30 au). Interferometric and spectroscopic monitoring of these targets will provide sensitivity to companions interior to this limit, and future high-contrast AO instruments can be used to tightly constrain the population of low-mass stellar companions to these stars within a more restricted separation range of 10 -100 au.
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APPENDIX 1 -AGE AND MASS ESTIMATES
In order to convert the measured magnitude difference between an A-type primary and any resolved companion into a mass ratio, an estimate of the age of the primary is required due to their rapid evolution away from the zero-age main sequence. Age estimates can be obtained for A-type stars by virtue of membership of a known moving group (e.g. Zuckerman & Song 2004; da Silva et al. 2009 ), the detection and characterization of debris disc excesses (e.g. Rieke et al. 2005; Su et al. 2006) , or the location on a colour-magnitude diagram (e.g. Paunzen 1997; Song et al. 2001) . The limited rotational breaking experienced by an A-type star during its short lifespan precludes age estimation through gyrochronology techniques (Barnes 2003) , and chromospheric indicators are not reliable due to the breakdown in the correlation between activity and age for stars with a colour index of B −V 0.5 (Mamajek & Hillenbrand 2008) .
The position of a star on the colour-magnitude diagram is impacted by several factors -the presence of a binary companion, rapid rotation, and metallicity. A binary companion increases the brightness and shifts the colour to redder values by an amount dependent on the spectral type of the companion. If the shift in magnitude and colour induced by the presence of a companion is not removed, the stars age will be overestimated based on its position on the colour-magnitude diagram. By incorporating the results of this imaging binary survey and previous spectroscopic and interferometric results, we have corrected the positions of the sample stars on the colour-magnitude diagram in an attempt to eliminate the effect of the companions and to determine more accurate ages.
Two factors not considered in this study that can influence stellar ages are stellar rotation and metallicity. Regardless of spin axis orientation, a rotating star will have an older age estimate than a non-rotating star (Collins & Smith 1985) , as the locus of shifted locations in the colour-magnitude diagram forms a fanshape extending to brighter magnitudes for pole-on rotators and redder colours for equator-on rotators, with the apex at the nonrotating position (see fig. 1 ). The effect of rotation has been assessed to over-estimate ages of early-type stars by ∼30−50% (Figueras & Blasi 1998) , and becomes prominent when v sin i > 100 km s −1 . The fact that rotation can only make an A-type star appear older on the colour-magnitude diagram may be an explanation as to why ages of known moving group members within the VAST sample, when estimated using the technique described in this section, were often found to be significantly older than the canonical moving group age.
The metallicity of a star can bias the age estimate in both directions -if a star has a higher metallicity than assumed for the isochrones, the age will be overestimated, while the age will be underestimated if the metallicity is lower than assumed. Again, not all the stars have measured metallically, but for the 108 with [Fe/H] values, the average is near solar at −0.06 ± 0.51 (Anderson & Francis 2011) , and as such the net effect on the overall age distribution should be small. Since the rotation and metallicity is not measured for all stars, and the theoretical isochrones used to determine the ages are for the non-rotating case, we have not adjusted the age estimates for either of these effects.
Of the 435 stars with either AO observations, or with proper motions sufficient for the search for CPM companions, 55 are known members of coeval moving groups or stellar clusters with literature ages (Table 10) , and 64 have age estimates within the literature derived from theoretical evolutionary models (Table 11 ). . Left-hand panel: a set of binary isochrones was constructed for the full range of isochrone ages available within the models, for each value of the magnitude difference. The example shows the single star isochrone (dotted lines), and the corresponding binary star isochrone for the case of a ∆K = 0.5 companion (solid lines). As the shift in the position of each point on the isochrone is based on an estimate of the companion properties derived from the theoretical models, this process can be carried out for a range of visual magnitude differences (∆V ), for companions resolved with interferometry, or mass ratios (q), for double-lined spectroscopic binaries. Right-hand panel: The magnitude and direction of the shift required to correct the position of the primary on the colour-magnitude diagram due to the presence of a ∆K = 0.5 companion unresolved within the Tycho2 and 2MASS catalogues. For clarity only a subset of the single star (dotted lines) and binary isochrones (solid lines) are shown (10 8 , 10 8.5 , 10 8.7 , 10 8.9 , and 10 9 yrs). At each point on the binary isochrone, a vector is plotted showing the magnitude and direction of the correction required to remove the contamination induced by the presence of the companion (grey arrows). As an example, for a binary system with an observed M K (AB) = 1.15 and (V − K) AB = 0.4 (red filled star), with a magnitude difference of ∆K = 0.5, the correction estimated for the magnitude and colour is shown (red vector). This correction has reduced the age estimate of this hypothetical primary from 500 to 100 Myr. Perryman et al. (1998) For the remaining 316 stars, the age was estimated based on a comparison of the position of the star on the V − K versus MK colour-magnitude diagram against theoretical stellar isochrones (Siess et al. 2000) . As the presence of a bright binary companion, at an angular separation less than the resolving limit of the Tycho2 and 2MASS catalogues, can introduce a significant shift in the position of a star on the colour-magnitude diagram, the colour and magnitude of the primary was corrected based on the expected V − K colour and MK magnitude of the companion. The magnitude and direction of these corrections were estimated by constructing a series of isochrones which are shifted due to the presence of a hypothetical binary companion (Fig. 21) . Given that the magnitude difference between the primary and companion is known, or the mass ratio of the system in the case of double-lined spectroscopic binaries, the set of binary isochrones corresponding to the configuration of the system can be selected, and used to obtain the predicted shift in the position of the primary on the colour-magnitude (2010) 12 Westin (1985) 3 diagram (Fig. 22) . Combining the companions resolved within this study, with binary companions reported within either the WDS or SB9 catalogues, the positions of 61 stars were corrected (Fig. 23) .
With an age estimates obtained for the observed sample (Fig.  3, Table 1 ), a mass-magnitude relation was constructed for each target in order to estimate the mass of the star and any resolved companions (Fig. 25, left-hand panel) . The increasing luminosity of an A-type star, as it evolves away from the zero-age main sequence, leads to a dependence on the mass derived from massmagnitude relations as a function of age. Similarly, for the youngest M-dwarf companions resolved within this study, a dependence on age of the mass-magnitude relation is caused by the contraction of these low-mass stars on to the main sequence within the first 100 Myr of their lifespan, significantly decreasing their luminosity (e.g. Stauffer 1980; Fig. 25, right-hand panel) . For each star within the sample, the mass is estimated using the K-band magni- Figure 25 . The mass-magnitude relations derived from the theoretical isochrones covering the A-type star mass range (Siess et al. 2000; left-hand panel) , and for companions at the bottom of the Main Sequence (Baraffe et al. 1998; right-hand panel) . For A-type stars, the mass derived from the mass-magnitude relation is strongly dependent on the age estimate of the system over the full lifespan of a typical A-type star, while for lower mass companions this dependency rapidly becomes negligible at ages older than 10 8 yrs. This demonstrates why an age estimate is necessary prior to estimating the mass of the A-type star, and mass ratio of any resolved binary systems. Figure 21 . The presence of a companion unresolved within the Tycho2 and 2MASS catalogues can lead to a significant shift in the position of the primary on the colour-magnitude diagram. An example is shown demonstrating the expected shift in the position of a star with an absolute magnitude of M K = 1.4 (A), due to the presence of; an equal mass companion (A+A), a companion with a magnitude difference of ∆K = 1 (A+B) and ∆K = 2 (A+C). For the case of a binary system with two identical components, the primary is only shifted in the magnitude direction, with no change in the colour of the system. The presence of a lower mass companion (B, C) can lead to a significant reddening of the system. This procedure is repeated for each position within the single star isochrone (dotted line) to produce a binary isochrone including the effect of a binary companion at range of magnitude differences (∆K = 0, solid line; ∆K = 1, dashed line; ∆K = 2, dot-dashed line). Figure 23 . The position of 61 stars is changed due to a presence of a bright binary companion unresolved in either one of, or both, the Tycho2 and 2MASS catalogues. The magnitude and direction of the shift necessary to correct the star (solid line -unresolved in both catalogues, dashed line -unresolved only in 2MASS), is estimated based on the predicted colour and magnitude of the companion derived from the theoretical isochrones. The corrected position of each star is given by a filled symbol, depending on the method through which the companion was resolved. The companion properties are estimated using either the magnitude difference measured within this study (∆K, filled stars), the magnitude difference reported for companions resolved with interferometric techniques (∆V , filled circles), or the mass ratio calculated for a double-lined spectroscopic binary (q, filled squares). Theoretical isochrones from Siess et al. (2000) are plotted within the range 7.8 log t 9.0, in steps of ∆ log t = 0.1. Figure 24 . A colour-magnitude diagram of the 316 stars without age estimates presented within the literature. The colour of each symbol denotes the age estimated for each star based on a comparison to theoretical solarmetallicity isochrones (Siess et al. 2000) , with the size being proportional to the mass estimated from the theoretical mass-magnitude relations. The theoretical isochrones are plotted within the range 7.8 log t 9.0, in steps of ∆ log t = 0.2 (solid lines), alongside the theoretical evolutionary tracks for a 2.5, 2.0 and 1.5 M ⊙ star (dashed lines, left to right).
tude obtained from the 2MASS catalogue, after correction due to the presence of any known companions within the resolution limit of the 2MASS observations (Fig. 23) . The distribution of estimated masses is given in Fig. 4 , with the estimate for each star presented in Table 1 . 
